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Abstract 

'Ho  determine  if  subclinical  pulmonary  edema  occurs  commonly  at  high 
altitude,  25  young  male  soldiers  participated  in  a strenuous,  72  h field  exercise 
at  low  altitude  (200  to'S75  m)  and  in  a similar  exercise  one  week  later  at  high 
altitude  (3000  to  4300  m).  At  0,  36,  and  72  h of  each  phase  the  subjects  were 
given  a physical  examination,  a chest  radiograph  was  taken,  and  the  following 
measurements  were  made:  total  lung  capacity,  forced  vital  capacity,  residual 
volume,  closing  capacity,  slope  of  phase  III  of  the  nitrogen  washout  curve,  trans- 
thoracic electrical  impedance,  and  the  quasi-static  relationship  between  tran*- 
pulmonary  pressure  and  lung  volume  (PV  curve).  ^At  0 and  72  h of  each  phase, 
arterial  Pq^,  **C02  anc*  were  measured  and  physiological  dead  space  (Vjj/Vj), 
and  the  alveolar-arterial  02  gradient  (A-a  DQ  ) calculated.  No  evidence  of  pul- 
monary edema  was  obtained  from  physical  examination  or  chest  radiographs. 
Relative  to  the  low  altitude  values,  immediate  and  sustained  decreases  in  vital 
capacity  and  impedance,  and  a clockwise  rotation  of  the  PV  curve  occurred  at 
high  altitude.  In  contrast,  closing  capacity  and  residual  volume  did  not  change 
upon  arrival  at  high  altitude,  but  increased  later  during  the  exposure.  There  was 
no  effect  of  altitude  upon  A-a  DOz,  VD/VT  or  the  slope  of  phase  III.  These  obser- 
vations are  consistent  with  an  abrupt  increase  in  thoracic  intravascular  fluid 
volume  upon  arrival  at  high  altitude  followed  by  a gradual  Increase  in  extravascu- 
lar  fluid  volume- in  the  peribronchial  spaces  of  dependent  lung  regions.  These 
changes  if  present  were  apparently  not  sufficient  to  impair  gas  exchange  or  alter 


the  distribution  of  ventilation. 
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alveolar-arterial  02  gradient,  closing  capacity,  high  altitude  pulmonary  edema, 
lung  volumes,  transthoracic  electrical  impedance,  transpulmonary  pressure. 
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Introduction 

High  altitude  pulmonary  edema  can  be  a life-threatening  complication  of 
acute  altitude  exposure.  Although  the  incidence  of  this  disease  is  low  (13),  it 
has  been  suggested  that  interstitial  edema  which  does  not  progress  to  clinically 
apparent  intraalveolar  edema,  develops  in  most  individuals  who  ascend  rapidly 
to  high  altitude  (17,19,26).  The  objective  of  this  study  was  to  determine  if  sdb» 
clinical  pulmonary  edema  was  a common  occurrence  among  non-acclimated  men 
abruptly  exposed  to  an  altitude  of  3000  to  4300  m.  Since  high  altitude  pulmonary 
edema  has  often  been  associated  with  physical  exertion  during  or  following  rapid 
ascent  (8,13),  strenuous  exercise  was  included  in  the  experimental  design.  Due 
to  the  anticipated  difficulties  in  detecting  mild  pulmonary  edema,  we  employed 
a relatively  large  number  of  test  subjects  and  a paired  comparison,  repeated 
measures  statistical  design. 

. 

Methods 

Subjects.  Twenty-five  healthy,  male  soldiers  from  the  10th  Special  Forces 
Group  stationed  at  Ft.  Devens,  MA  participated  in  this  study.  Informed,  voluntary 
consent  was  obtained  from  all  subjects.  The  mean  age  of  the  subjects  was  26 
years  with  a range  of  18  to  38  years.  Fifteen  subjects  were  smokers  with  an 
average  consumption  of  8.0  pack-years  (packs  per  day  multiplied  by  number  of 
years  subject  smoked).  No  subject  had  a history  of  cardiopulmonary  disease. 
Three  days  before  the  start  of  the  experiment  the  subjects  were  given  a physical 
examination,  briefed  on  all  aspects  of  the  study  and  trained  to  perform  the  various 
ventilatory  maneuvers  required. 
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Study  Outline.  The  experiment  consisted  of  a low  altitude  phase  and  a 
high  altitude  phase  each  of  which  was  72  h in  duration.  During  the  low  altitude 
phase  the  subjects  walked  a total  distance  of  84  km  with  heavy  packs  (approxi- 
mately 20-50  kg)  in  the  White  Mountains  of  New  Hampshire  at  elevations  from 
200  to  875  m above  sea  level.  The  subjects  were  in  the  field  for  the  entire  72  h 
period,  prepared  their  own  rations,  and  performed  various  simulated  military  tasks 
at  prescribed  times  and  locations.  Between  stops  the  average  rate  of  movement 
was  3 km  hT*.  One  week  later  the  same.subjects  were  flown  to  Colorado  Springs, 
CO,  and  within  3 h,  began  another  simulated  military  exercise  at  high  altitude. 

This  phase  consisted  of  two  15  km  hlk^s  from  the  3000  to  the  4300  m elevations 
of  Pikes  Peak,  CO.  The  average  rate  of  movement  between  stops  at  high  altitude 
was  1.8  km  h“ *.  The  actual  routes  followed  by  the  soldiers  in  both  the  low  altitude 
and  the  high  altitude  phases  were  chosen  by  their  commanders  to  be  as  similar 
as  possible  in  degree  of  difficulty,  considering  both  the  linear  distance  covered 
and  the  amount  of  climbing  performed.  Physiological  measurements  were  made 
at  0,  36,  and  72  h during  each  phase.  The  measurements  were  made  at  an  eleva- 
tion of  200  m during  the  low  altitude  phase,' and  at  an  elevation  of  4300  m during 
the  high  altitude  phase.  The  individual  measurements  and  tests  are  described 
below. 

Pbgaical  Examination  and  Cheat  Radiographs.  Subjects  were  asked  about  > 
symptoms  and  were  given  m physical  examination  using  a standardized  format. 
Posterior-anterior  and  lateral  chest  radiographs  were  taken  at  full  inspiration 
with  the  subject  standing.  The  same  portable  X-ray  unit  (General  Electric  Mobile 
EP  300)  was  used  throughout  the  study.  A baseline  radiograph  was  obtained  3 
days  before  the  start  of  the  low  altitude  phase  of  the  study.  At  the  completion 
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of  the  experiment  the  six  radiographs  obtained  at  the  low  and  high  altitude  testing 
sessions  were  compared  to  the  baseline  film  by  a radiologist  who  was  aware  of 
the  chronological  sequence  of  the  films  but  unaware  of  the  altitude  at  which  they 
were  taken.  Each  radiograph  was  examined  for.  specific  findings  of  pulmonary 
edema  (peribronchial  cuffing,  Kerley  lines,  alveolar  infiltrates,  pleural  effusion, 
thickening  of  intralobar  fissures),  and  pulmonary  vascular  congestion.  The  findings 
were  graded  as  definite,  probable  or  possible.  In  addition,  cardiac  and  thoracic 
widths  on  the  posterior-anterior  film  were  measured  and  their  ratio  calculated. 

Lung  Volumes  and  Quasi-Static  Tranapulmonazy  Pressure-Volume  Curve. 
During  each  testing  session,  the  subjects  swallowed  a balloon-tipped  catheter 
which  was  then  positioned  in  the  lower  esophagus  approximately  15  cm  above 
the  diaphragm.  The  esophageal  balloon  was  10  cm  long  and  was  filled  with  0.5cc 
of  air.  Balloons  were  checked  routinely  for  leaks  and  correct  volume.  With  the 
balloon  in  place,  the  subjects  performed  single-breath  nitrogen  washout  maneuvers 
as  outlined  by  Buist  and  Ross  (2).  Inspired  and  expired  flow  were  controlled  by 
the  subjects  at  0.3  to  0.^  L sec  * by  reference  to  an  analog  flowmeter  display. 
During  these  maneuvers  simultaneous  recordings  of  nitrogen  concentration  versus 
volume,  and  volume  versus  transpulmonary  pressure  were  made  using  two  X-Y 
recorders.  Inspired  and  expired  volumes  were  measured  by  a dry,  rolling  seal 
spirometer  (Cardio-Pulmonary  Instruments),  Transpulmonary  pressure  (esophageal 
pressure  minus  mouth  pressure)  was  measured  by  a differential  transducer  (Statham 
PM-6).  Nitrogen  concentration  was  measured  with  a nitrogen  analyzer  (Cardio- 
pulmonary Instruments).  Although  linear  at  low  altitude,  this  analyzer  was  found 
to  be  significantly  alinear  at  high  altitude,  presumably  because  of  the  lower  density 
of  air.  Therefore,  nitrogen  measurements  obtained  at  high  altitude  were  corrected 
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by  a factor  determined  from  a 4-point  calibration  procedure  using  analyzed  goes 
with  nitrogen  concentrations  between  0 and  30%.  At  each  testing  session,  the 
subjects  performed  a minimum  of  3 and  a maximum  of  5 single-breath  nitrogas 
washout  maneuvers.  These  maneuvers  were  judged  acceptable  when  Inspired  and 
expired  flow  was  maintained  between  0.3  to  0.4  L sec-^,  inspired  vital  capacity 
did  not  cfif fer  from  expired  vital  capacity  by  more  than  5%,  and  the  transput  wnary 
pressure-volume  record  was  free. from  esophageal  contraction  artifact.  From 
the  records  of  expired  nitrogen  concentration  versus  expired  volume  the  foliating 
lung  volumes  were  calculated  as  described  by  Buist  and  Ross  (2):  total  lung  capacity, 
residual  volume,  and  closing  capacity.  In  addition,  the  slope  of  phase  III  of  the 
nitrogen  washout  curve  was  calculated.  From  the  records  of  expired  volume 
versus  transpulmonary  pressure  and  the  calculated  values  for  total  lung  capacity, 
quasi-static  pressure-volume  relationships  were  obtained  by  determining  lung 
volume  at  transpulmonary  pressure  intervals  of  2.5  cm  of  water  between  0 anil 
30  cm  of  water.  The  values  for  the  parameters  obtained  from  acceptable  recwds 
from  each  subject  at  each  testing  session  were  averaged  for  use  in  the  statistical 
analysis. 

Without  the  esophageal  balloon  in  place,  the  subjects  also  performed  3 t» 

5 forced  vital  capacity  maneuvers  using  a 9 liter,  water-filled  spirometer  (WJL 
Collins).  The  subjects?  best  effort,  defined  as  the  spirogram  with  the  largest  tital 
capacity,  was  used  in  the  data  analysis. 

Transthoracic  Electrical  Impedance.  Transthoracic  electrical  impedance 
was  measured  at  each  testing  session  using  four  aluminized  mylar  tape  electrodes 
and  a Minnesota  Impedance  Cardiograph  (Model  304A).  A constant  sinusoidal 
current  (4mA  rms)  at  100  k hz  was  applied  to  two  outer  electrodes,  one  on  the 


neck  and  the  other  around  the  abdomen.  Changes  in  potential  which  reflect  changes 
in  impedance  were  measured  from  two  inner  electrodes,  one  around  the  neck  and 
one  around  the  lower  thorax  (5).  Measurements  were  made  at  total  lung  capacity 
with  the  subject  standing  following  a 5 min  rest  period.  Reproducible  electrons 
placement  was  insured  by  marking  the  subjects  with  indelible  ink  during  a pre- 
liminary testing  session. 

Ventilatory  Parameters.  At  0 and  72  h of  the  low  and  high  altitude  phases? 
an  arterial  blood  sample  was  drawn  from 'the  brachial  or  radial  artery  using  a 
heparinized  glass  syringe  and  a 20  gauge  needle  with  the  subject  supine.  Local 
anesthesia  (1%  lidocaine)  was  used  at  the  puncture  site.  Samples  were  analyzed 
for  pH,  Pco  and  PQ  using  a calibrated  blood  gas  analyzer  (Radiometer  Model 
BMS3-MK2).  Immediately  before  or  after  this  procedure,  expired  air  was  collected 
for  3 min  via  a two-way  "3"  valve  into  a meteorological  balloon.  The  volume 
of  expired  gas  was  measured  with  a spirometer  (W.  E.  Collins)  and  its  O2  and  OQ2 
concentrations  with  gas  analyzers  (Beckman  OM-1 1 and  LB-2).  From  these  measure- 
ments resting  ventilation,  physiological  dead  space,  respiratory  exchange  ratiq* 

alveolar  Pn  and  the  alveolar-arterial  gradient  for  oxygen  were  calculated.  Res- 
2 

piratory  frequency  was  measured  during  the  collection  of  expired  gas. 

Statistical  Methods.  Statistical  analysis  of  the  data  was  accomplished 
by  either  a 2-way  or  a 3-way  analysis  of  variance  as  appropriate  using  a repeated 
measures  design.  Variance  ratios  are  reported  for  the  maun  treatment  effects 
of  altitude  and  time  and  for  the  interaction  of  altitude  and  time.  Effects  were 
considered  significant  when  variance  ratios  exceeded  the  significance  limit  "P 
value  for  P_<0.05.  When  the  interaction  variance  ratio  was  not  statistically  sig- 
nificant, main  treatment  effects  were  interpreted  in  a straightforward  manner. 
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When  the  interaction  variance  ratio  was  significant,  the  variable  analyzed  was 
judged  to  be  a different  function  of  time  at  low  altitude  than  at  high  altitude 
and  main  treatment  effects  were  disregarded. 

As  is  noted  in  the  data  to  follow,  n is  not  equal  to  25  for  all  parameters 
In  a few  instances  there  were  unavoidable  test  subject  absences  for  one  or  mare 
tests.  A few  subjects  were  not  able  to  swallow  the  esophageal  balloon  on  all  she 
testing  sessions.  Although  attempted,  arterial  blood  was  not  obtained  from  ati 
subjects  when  scheduled.  There  were  occasional  equipment  malfunctions.  Only 
those  subjects  from  whom  a complete  set  of  data  had  been  obtained  for  a par- 
ticular parameter  were  included  in  the  analysis. 

Results 

Physical  Examination  and  Chest  Radiographs.  Symptoms  reported  by 
the  test  subjects  at  low  altitude  generally  reflected  the  strenuous  nature  of  the 
simulated  military  operation  with  the  largest  number  of  subjects  reporting  synp- 
toms  at  the  36  h testing  session  (Table  1).  These  same  symptoms  were  also  re- 
ported during  the  high  altitude  phase  but  by  many  more  subjects  and  at  all  three 
testing  sessions.  Once  again  there  was  a large  increase  in  the  number  of  subjects 
reporting  symptoms  at  the  36  h testing  session.  Of  particular  note  is  the  increased 
frequency  of  headache,  nausea,  vomiting,  dizziness,  and  anorexia  at  high  aldtade  - 
suggesting  the  development  of  acute  mountain  sickness  in  a large  number  of  sub- 
jects (6).  In  addition,  symptoms  compatible  with,  but  not  specific  for,  high  attitude 
pulmonary  edema  (dyspnea  at  rest  and  exercise,  cough,  wheezing,  orthopnea)  were 
also  more  frequently  reported  at  high  altitude. 

On  physical  examination  (Table  2),  pulmonary  edema  was  not  present  m 
any  subject  as  judged  by  the  absence  of  rales  and  wheezing.  However,  an  accentuated 
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pulmonic  component  of  the  second  heart  sound  and  a gallop  heart  rhythm  were 
heard  in  a number  of  subjects  at  high  altitude  suggesting  the  occurrence  of  pulmon- 
ary hypertension. 

- 

A complete  set  of  chest  radiographs  was  obtained  on  12  subjects.  No  definite 
abnormalities  were  observed  at  any  time.  There  were  2 probable  findings  of  peri- 
bronchial cuffing  but  both  were  observed  during  the  low  altitude  phase  of  the 
study.  In  addition,  1 probable  (low  altitude)  and  7 possible  (2  at  low  and  5 at  high 
altitude)  findings  compatible  with  pulmonary  vascular  congestion  were  observed. 
There  was  no  significant  change  in  the  ratio  of  cardiac  width  to  thoracic  width. 

The  mean  and  standard  error  for  this  parameter  was  0.41+0.01. 

Ventilatory  Parameters.  The  effects  of  altitude  exposure  on  the  ventila- 
tory  parameters  are  shown  in  Table  3.  Resting  minute  ventilation  (Vg)  at  0 h was 
the  same  at  both  low  and  high  altitude  but  subsequently  increased  with  time  at 
high  altitude  while  the  low  altitude  values  did  not  change.  The  increase  in 
at  high  altitude  was  due  primarily  to  an  increase  in  tidal  volume,  since  there  were 


no  significant  changes  in  respiratory  frequency.  Both  P and  P were  sig- 
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nificantly  lower  at  high  altitude  than  at  low  altitude.  At  both  altitudes  P 

oL 
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tended  to  increase  and  P to  decrease  with  time.  Arterial  pH  at  0 h at  nigh 
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altitude  was  greater  than  the  low  altitude  value  and  increased  f urther  with  time. 
At  low  altitude,  pH  did  not  change.  There  were  no  significant  differences  noted 
for  the  ratio  of  physiological  dead  space  to  tidal  volume.  The  alveolar-arterial 
gradient  for  oxygen  decreased  with  time  at  both  low  and  high  altitude  but  did 


not  change  as  a function  of  altitude. 


Lung  Volumes  and  Quasi-Static  Transpulmonary  Pressure-Volume  Curves. 


The  effects  of  high  altitude  exposure  on  lung  volumes  are  shown  in  Table  4.  Forced 


r 


r 


8 

vital  capacity  was  less  at  high  altitude  than  at  low  altitude  at  all  times.  Although 
total  lung  capacity  was  not  affected  by  altitude,  it  increased  significantly  with 
time  during  both  the  low  and  high  altitude  phases  of  the  study.  There  was  a sig- 
nificant and  progressive  increase  in  residual  volume  measured  at  4300  m relative 
to  that  observed  at  200  m.  Closing  capacity  increased  with  time  at  both  altitudes 
and  the  increase  was  greater  at  high  altitude  than  at  low  altitude.  The  slope  of 
phase  III  of  the  nitrogen  washout  curve  increased  slightly  with  time  but  did  not 

\ 

change  as  a function  of  altitude  (Table  4). 

Acceptable  expiratory  pressure-volume  curves  at  all  6 testing  sessions  were 

► 

obtained  from  1 1 subjects.  From  these  records,  lung  volume  was  analyzed  as 
a function  of  transpulmonary  pressure,  altitude,  and  time  using  a 3-factor,  re- 
peated measures  analysis  of  variance.  This  analysis  revealed  that  lung  volume 
was  a significantly  different  function  of  transpulmonary  pressure  at  high  altitude 
than  at  low  altitude  (variance  ratio=3.24,  p <0.001)  while  volume  as  a function 
of  pressure  was  not  significantly  changed  by  time.  These  data  are  represented 
graphically  in  Figure  1,  in  which  the  pressure- volume  relationships  at  low  and 
high  altitude,  averaged  across  time,  are  shown.  It  is  seen  that  the  pressure-volume 
curve  obtained  at  high  altitude  is  rotated  clockwise  with  respect  to  the  low  altitude 
curve. 

Transthoracic  Electrical  Impedance . Since  transthoracic  impedance 
was  measured  at  total  lung  capacity  and  since  changes  in  this  lung  volume  occurred 
with  time  at  both  low  and  high  altitude,  the  values  of  impedance  were  normalized 
by  expressing  them  as  ohms  per  liter  of  total  lung  capacity.  Impedance  per  unit 
lung  volume  was  lower  at  high  altitude  than  at  low  altitude  and  tended  to  decrease 
with  time  at  both  altitudes  (Table  4). 


9 


Discussion 

Transthoracic  electrical  impedance  was  reduced  at  high  altitude  (Tabled. 
Similar  changes  have  been  shown  to  accompany  experimentally-produced  incraases 
in  thoradc  fluid  volumes  in  both  humans  and  animals  (24,25).  In  addition,  decreased 
impedance  has  previously  been  reported  in  humans  at  high  altitude  (27)  and,  man 
recently,  impedance  has  been  correlated  with  the  progression  and  regression  dE 
high  altitude  pulmonary  edema  (12). 

The  immediate  and  sustained  decrease  in  forced  vital  capacity  which  we 
observed  at  high  altitude  has  also  been  previously  reported  (31).  It  has  long  been 
recognized  that  vital  capacity  is  reduced  by  pulmonary  edema  and  congestion 
caused  by  left  heart  failure  (1).  Vital  capacity  is  also  reduced  during  acute  ptfi- 
monary  congestion  caused  by  intravenous  administration  of  fluids  (%)  and  negative 
pressure  breathing  (22).  The  mechanism  of  this  reduction  probably  involves  rat 
only  the  greater  occupation  of  space  in  the  thorax  by  an  increased  volume  of 
fluid,  but  also  a change  in  the  mechanical  properties  of  the  lungs  (1). 

The  clockwise  rotation  of  the  transpulmonary  pressure-volume  curve  which 
occurred  at  high  altitude  (Figure  1)  suggests  a stiffer,  less  compliant  lung.  Similar 
changes  have  been  observed  in  humans  when  thoracic  blood  volume  was  in  creased 
by  lowering  intrathoradc  pressure  (9)  and  in  animals  during  ex  penmen  tally-pmduced 
congestion  and  edema  (3,7). 

Thus,  the  changes  in  impedance,  vital  capacity  and  the  pressure-volume 
curve  observed  at  high  altitude  are  consistent  with  an  increase  in  thoracic  ftaftl 
volume  which  occurred  immediately  upon  arrival  and  persisted  for  the  remainder 
of  the  sojourn.  On  the  basis  of  these  measurements  alone,  it  is  not  possible  to 
speculate  whether  the  increase  in  fluid  volume  was  purely  extravascular  or  whether 
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it  was  both  extravascular  and  intravascular.  Certainly,  an  increase  in  central 
blood  volume  due  to  pulmonary  hypertension  induced  by  hypoxia  would  not  be 
unexpected  ( 16, 19,2S^2).  The  findings  of  an  accentuated  pulmonic  component 
of  the  second  heart  sound  and  a gallop  heart  rhythm  in  several  subjects  at  high 
altitude  are  consistent  with  this  expectation  (Table  2).  But  is  an  increase  in  extra- 
vascular  fluid  volume  a reasonable  possibility? 

In  our  subjects,  closing  capacity  and  residual  volume  increased  at  high  alti- 
tude (Table  4),  suggesting  the  development  of  premature  closure  of  small  airways 
in  dependent  lung  regions.  A well-documented  cause  of  premature  small  airway 
closure  is  die  accumulation  of  pulmonary  edema  fluid  in  the  peribronchial  spaces 
of  the  lung  (1 1,14,21,23).  Staub  et  al.  (29)  have  demonstrated  that  these  spaces 
are  the  first  sites  of  fluid  accumulation  in  the  development  of  pulmonary  edema. 
Thus,  the  changes  in  closing  capacity  and  residual  volume  are  consistent  with 
an  increase  in  lung  extravascular  fluid  volume. 

In  contrast  to  impedance,  vital  capacity  and  the  pressure-volume  curve, 
residual  volume  and  closing  capacity  were  not  changed  immediately  upon  arrival 
at  high  altitude  (Table  4).  Significant  increases  in  these  volumes  did  not  occur 
until  later.  On  this  basis,  we  propose  the  following  sequence  of  events  as  one 
possible  explanation  of  our  findings.  Upon  arrival  at  high  altitude,  there  was  an 
abrupt  increase  in  central  blood  volume  due  to  pulmonary  hypertension  induced 
by  hypoxia.  The  increased  blood  volume  caused  immediate  decreases  in  trans- 
thoracic electrical  impedance  and  forced  vital  capacity  and  the  clockwise  rotation 
of  the  transpulmonary  pressure-volume  curve.  Subsequently,  because  of  sustained 
elevations  in  intravascular  pressures,  there  was  a slow  accumulation  of  fluid  in 
the  peribronchial  and  perivascular  spaces  of  dependent  lung  regions,  which  resulted 
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in  the  gradual  development  of  premature  airway  closure  and  thus  increases  m 
closing  capacity  and  residual  volume. 

Dyspnea,  cough,  wheezing  and  orthopnea  were  reported  by  the  subjects  ■are 
frequently  at  high  altitude  than  at  low  altitude.  These  symptoms  are  compaMe 
with,  but  of  course  not  specific  for,  pulmonary  edema.  On  physical  examined*, 
no  signs  of  pulmonary  edema  were  present  and  no  definite  radiographic  evidmee 
of  fluid  accumulation  in  the  lungs  was  found.  Moreover,  the  radiographic  firings 
of  edema  and  congestion  classified  as  "probable"  or  "possible"  were  few  andaumcd 
to  be  randomly  distributed  between  the  low  and  high  altitude  films.  Thus,  if 
pulmonary  edema  occurred  at  high  altitude,  it  was  too  mild  to  be  detectable l( 
physical  examination  or  chest  radiography. 

The  lack  of  significant  change  in  the  alveolar-arterial  oxygen  gradient  ad 
in  the  dead  space  to  tidal  volume  ratio  indicates  that  pulmonary  edema,  if  prant, 
was  not  sufficient  to  cause  significant  deterioration  in  gas  exchange.  Previous 
measurements  of  the  A-a  C>2  gradient  at  high  altitude  have  been  inconsistent 
(18,19,26).  Kronenburg  et  al.  (19)  found  an  increase  in  V^/V-j-  after  acute  expaure 
to  high  altitude.  We  cannot  explain  the  difference  between  our  results  and  Mrs. 

The  slope  of  phase  III  of  the  single-breath  N2  washout  curve  was  not  aiteed 
by  high  altitude  exposure  (Table  4),  suggesting  no  significant  change  in  the  <S*d- 
bution  of  ventilation.  Gray  et  al.  (10)  and  Sutton  et  al.  (30),  in  contrast,  reputed 
significant  increases  in  this  variable.  This  discrepancy  may  possibly  be  expiated 
by  the  alinearity  of  the  N2  analyzer  which  we  observed  at  high  altitude.  Had 
we  not  corrected  for  this  alinearity,  we  also  would  have  obtained  a significa* 
increase  in  the  slope  of  phase  III  at  high  altitude. 

It  is  of  parenthetical  interest  that  total  lung  capacity,  although  uninflutaced 
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by  altitude,  underwent  a significant  increase  with  respect  to  time  (Table  $).  Ve 
have  no  explanation  for  this  phenomenon  other  than  to  suggest  that  the  increased 
ventilation  demanded  by  the  prolonged  exertion  of  the  hikes  may  have  altered 
the  mechanical  or  reflex  properties  of  the  chest  wall.  Leith  and  Bradley  (20) 
observed  similar  increases  in  TLC  in  humans  performing  maneuvers  intended  to 
increase  ventilatory  muscle  strength. 

Finally,  it  should  be  emphasized  that  none  of  our  measurements  constitute 
direct  evidence  for  an  increase  in  lung  fluid  volume.  At  present,  it  is  not  possUe 
to  obtain  such  evidence  from  human  subjects.  Thus,  the  postulation  that  lung 
fluid  volume  increases  at  high  altitude,  although  plausible,  remains  unproved. 
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Table  1.  Numbers  of  subjects  reporting  symptoms  at  low  and  high  altitude  (n=25) 


Symptom 


C 


Sweats 


F 


Headache 

Dizziness 

Visual  disturbance 

Rhinorrhea 

Epistaxis 

Sore  throat 

Dyspnea  at  rest 

Dyspnea  with  exercise 

Cough 

Sputum  production 
Wheezing 
Chest  pain 
Palpitations 
Orthopnea 
Anorexia 
Nausea 
Vomiting 
Abdominal  pain 
Diarrhea 
Constipation 
Inability  to  solve 
problems 
Impaired  memory 


Insomnia 
Tinnitus 
Foot  blisters 
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Table  3.  Resting  ventilation,  respiratory  frequency,  blood  gases,  pH,  physiological  dead  space  to  tidal  volume  ratio 
(Vn/VT)  and  the  alveolar-arterial  O,  gradient  (A-a  DO,)  at  low  and  high  altitude 


Table  4.  Lung  volumes,  slope  of  phase  III  of  the  nitrogen  washout  curve,  and  transthoracic  electrical  impedance  at  low  and  high 
altitude. 


Figure  1.  Mean  expired  limb  of  the  quasi-static  transpuimonary  pressure-volume 
curve  at  low  altitude  (LA)  and  high  altitude  (HA).  Each  point  is  the  mean  of  33 
observations,  obtained  from  1 1 subjects  at  0,  36,  and  72  h of  each  phase.  The 
analysis  of  variance  indicates  that  lung  volume  was  a different  function  of  trans- 
puimonary pressure  at  high  altitude  than  at  low  altitude  (p<  0.001). 


